Introduction
The solubility of gases in liquid solvents is an important issue in many fields of chemistry and chemical engineering, from processing to environmental elimination. In this review the solubility of permanent, nonreactive gases is dealt with, in terms of their solubility parameters at the normal boiling points of the liquefied gases and their temperature dependence. Permanent gases are those substances that are gaseous at ambient conditions, that is, at atmospheric pressure and ≤290 K. Nonreactive gases include those that dissolve in their molecular (atomic for noble gases) form in the solvents without causing chemical changes in them. This limit excludes gases like F 2 , Cl 2 , the hydrogen halides, NO 2 , and a few others. Still, this review is not exhaustive but attempts to include practically all the inorganic gases and most of the organic ones up to butane. The normal boiling points, b , of the liquefied gases are selected because the required data mainly pertain to these conditions (at which the vapor pressures of the saturated liquefied gases reach 101.325 kPa or one atm). b are also considered to be "corresponding states" as is indicated by the Trouton constant (the molar entropy of vaporization at b ) being the same, Δ V ( b ) = 10.5 , for ordinary (nonassociating) liquids.
Gas Solubility from Regular Solution Theory.
The gases dealt with here are generally non-or only mildly polar and their solubilities can be described by means of the regular solution theory of Hildebrand [1] . This states that the mole fraction solubility G of the solute gas (subscript G) in the liquid solvent (subscript S) is as follows:
where G is the molar volume and the two H 's are the total (Hildebrand) solubility parameters. The ideal solubility at the temperature , G id , is given by
where Δ V G ( b ) is the molar enthalpy of vaporization of the liquefied solute gas at its normal boiling point b . In the cases of polar solutes or solvents or those prone to hydrogen bonding the partial (Hansen) solubility parameters [2] of such solvents should be used instead for the prediction of the gas solubilities, but this needs not concern much the present review. The solubility parameters of liquid solvents, HS , are available in compilations for molecular [3, 4] and ionic [5, 6] solvents. The solubility of a gas in a liquid is often expressed as the Henry constant, G(S) , which is related to the mole fraction solubility in the solvent, G(S) , as follows: 2 Journal of Chemistry
where G is the partial pressure of the gas that is at equilibrium with its saturated solution. Hence, the larger the measured Henry constant, the smaller the actual (mole fraction) solubility. The solubility of a permanent gas is generally not needed at its normal boiling point, but HG ( b ) is a reference value from which the temperature dependence of HG can be used to obtain the value at the desired temperature. Such temperature dependence data, unfortunately, are available for only a minority of gaseous solutes.
Hildebrand Solubility Parameters.
The values of the total (Hildebrand) solubility parameter of the gases dealt with here, HG , are obtained as the square roots of the cohesive energy densities, G . The latter are obtained from the molar enthalpies of vaporization and the molar volumes, assuming the liquefied gas vaporizes without association or dissociation to an ideal gas at b , that is, at 101.325 kPa, as follows:
The Required Data
In the following the subscript G is dropped, because only the solute gases are being dealt with. The required data for obtaining the solubility parameters H are the normal boiling points of the liquefied gases, b , their molar enthalpies of vaporization Δ V ( b ), and their molar volumes ( b ) at the boiling point. The molar volumes are obtained from the ratios of the molar masses and the densities : = / . The molar volume is also the reciprocal of the concentration : /cm 3 mol −1 = 1000/( /mol dm −3 ). The molar masses and boiling points are taken from the Handbook [7] . The other quantities are obtained from the literature, from primary sources as noted below when readily available or else from secondary sources (compilations) such as [8] [9] [10] [11] .
Following are details of the data used and the results of the application of (2), yielding H ( b )/MPa 1/2 values.
Specific Data for Each Gas
2.1.1. Helium. The earliest report of the solubility parameter of helium is that of Clever et al. [20] , derived from its solubility in hydrocarbons and fluorocarbons, and is tabulated at the normal boiling point as 0.5 cal 1/2 cm −3/2 (i.e.,
1.02 MPa 1/2 ). However the text above the table states that 0.6 cal 1/2 cm −3/2 (i.e., 1.23 MPa 1/2 ) is "more compatible with the solubility parameter at the gas b.p.". The subsequent report by Yosim and Owens [21] evaluated the molar enthalpy of vaporization, using the scaled particle theory, but reported also its experimental value and the density at the boiling point [22] , from which the value 1.20 MPa 1/2 is derivable. The most recent report is by Donnelly and Barenghi [23] , who presented density and vapor pressure data at 0.05 K intervals around the boiling point that interpolate to b = 4.22 K and is derived and represents the selected value.
Neon.
The H ( b ) value tabulated by Clever et al. [20] , obtained as described for He, is 4.9 cal 1/2 cm −3/2 (i.e., 10.02 MPa 1/2 ). The value H ( b ) = 9.49 MPa 1/2 is derived from the [22] data reported by Yosim and Owens [21] . Linford and Thornhill [24] reported the energy of vaporization as Leonhard and Deiters [26] reported the densities and the molar enthalpy of the gas and liquid at 5 K intervals between 25 and 40 K. The difference in the latter yields Δ V values, so the expression shown in Table 3 [28] . Chen et al. [29] presented the molar volumes and the molar enthalpies of vaporization or Ar at 17 temperatures between the triple and boiling points, from which the expression for the solubility parameter shown in Table 3 [22] reported by Yosim and Owens [21] . Much lower values were reported by Prausnitz and Shair [27] at an unspecified temperature, 6.4 (cal/cm 3 ) 1/2 (i.e.,
13.09 MPa 1/2 ). Chen et al. [29] presented the molar volumes and the molar enthalpies of vaporization of Kr at 19 temperatures between the triple and boiling points, from which the expression for the solubility parameter shown in Table 3 [22] reported by Yosim and Owens [21] . Chen et al. [29] presented the molar volumes and the molar enthalpies of vaporization of Xe at 17 temperatures between the triple and boiling points, from which the expression for the solubility parameter shown in Table 3 by LaPack et al. [28] , at an unspecified temperature, a value comparable to some other reports. Span and Wagner [48] reported data over a wide temperature range for both the molar enthalpy and the density of the condensed and gaseous phases, from which the expression shown in Table 3 [51] lead to b /K = 282.95 at which the pressure equals 0.101325 MPa (i.e., 1 atm). The molar enthalpy of vaporization at the boiling point was reported as
, that is, 24401 J mol −1 [50] . The more recent value [51] is larger, 25565 J mol −1 , derived from the vapor pressure curve. The density of liquid phosgene was reported by Davies [52] as /g cm [54] or 11560 J mol −1 [7] , and again the latter value is used. The molar volume at the boiling point is listed as ( b ) = 46.1 cm 3 mol −1 [54] , so that
Nitrous
Oxide. Yosim and Owens [21] used the Δ V data of Kelley and King [40] for N 2 O, from which the value 
Sulfur
Hexafluoride. Since SF 6 sublimes and does not form a liquid on heating the solid; it is difficult to specify a temperature at which the solubility parameter should be obtained. The triple point has been reported as t = 223.56 K by Funke et al. [70] , but the molar enthalpy of vaporization and the density have been reported at other temperatures. Linford and Thornhill [24] reported the molar energy of vaporization as 4.08 kcal mol −1 , that is, 17071 J mol −1 , at an unspecified temperature. A so-called "boiling temperature" of 204 K was reported by Gorbachev [71] at which the molar volume of SF 6 was 75. was quoted from Lange's Handbook of Chemistry for SF 6 by Anderson et al. [72] , that is, 23430 J mol −1 . This value is near the molar enthalpy of sublimation Δ subl = 23218 J mol −1 at 186 K reported by Ohta et al. [73] . However, no density data at this temperature, lower than the triple point, are available. A tentative value, based on the data in [70] , is suggested here [78] . The molar enthalpy of vaporization at the boiling point is reported as Δ V ( b ) = 5.067 kcal mol −1 in [83] , that is, 21200 J mol −1 , and as 4.9 to 5.0 kcal mol −1 in [78] , that is, 20700 J mol −1 , and is listed as 21300 J mol −1 in [7] ; the latter is taken as valid. The density of AsH 3 at the boiling point is interpolated in the data of [83] Bradford and Thodos [66] reported the parameters of the following expression:
where c = 2.362 (cal/cm 3 ) 1/2 is the solubility parameter at the critical point, = 7.45, = 0.446, and R = / c is the reduced temperature, the critical temperature being c = 369.80 K according to Goodwin [130] . Maass and Boomer [116] . These authors quoted Aronovich et al. [132] for the density ( b ) = 0.7205 g cm −3 , so that the solubility parameters resulting from the above two values of Table 1 for inorganic liquefied gases and in Table 2 for organic ones (carbon compounds). As the temperature is increased, the molar enthalpy of vaporization Δ V ( ) diminishes towards its disappearance at the critical point. Over a temperature range near the normal boiling point b the function Δ V ( ) is linear with the temperature. Also, as the temperature is increased, the density ( ) diminishes and the molar volume ( ) increases, both linearly over a temperature range near the normal boiling point b . Therefore, the solubility parameter
0.5 necessarily diminishes as the temperature is increased. For several of the gaseous solutes for which there are data over a sufficient temperature range (excluding the noble gases) the decrease in H ( ) is linear with with a slope of −0.06 ± 0.02 K −1 as is seen in Table 3 . This slope may be used for the approximate estimation from the H ( b ) values in Tables 1 and 2 of the applicable solubility parameter of the solute gases at the temperatures at which their solubility is needed.
Discussion

Trends in the Solubility
Parameters. The following trends may be seen in the data of Tables 1 and 2, remembering that the normal boiling points may be considered as "corresponding temperatures" for the comparison of thermophysical data.
H ( b ) of the noble gases and of the hydrides of group IV and V elements increase with increasing molar masses of the gases. The opposite appears to be the case for homologous organic compounds. Polarity adds to the value arising from dispersion forces only, as, among others, Sistla et al. [36] pointed out. Meyer et al. [100] calculated the contribution of the dispersion, polarity, and orientation to the cohesive energy, the dispersion part being 73 and 80% of the total for CH 3 Cl and C 2 H 5 Cl, respectively, but did not obtain the solubility parameters.
Solubility Parameters Derived from Solubilities.
In view of the concern with the solubility of gases in a variety of solvents, many authors have presented values of the solubility parameters of gases. Clever et al. [20] reported values of
1/2 of the noble gases helium to xenon to one decimal digit that correspond well to the selected values in Table 1 . These values, however, are larger (except for helium) than those derived from the relative solubilities in cyclohexane and perfluorocyclohexane. Vitovec Table 4 . Bradford and Thodos [66] provided the parameters for equation (5) for CH 4 , C 2 H 6 , C 3 H 8 , and C 4 H 10 , from which solubility parameters at any temperature may be evaluated. The values at 298 K are shown in Table 4 , except for methane, for which c < 298 K. Gilmour et al. [98] for eight gases, obtained indirectly from their solubilities and are shown in Table 4 . LaPack et al. [28] quoted previously reported values, as shown in Table 4 . Sistla et al. [36] quoted the partial solubility parameters given by Hansen [2] for 298 K and the total (Hildebrand) solubility parameters shown in Table 4 . It should be remembered that at ambient conditions that pertain to Table 4 the solutes are gases. If the critical temperature is c > 298 K they are liquid only under considerable pressure. Still, it has been tempting to take (1) to be valid at ambient conditions for these gaseous solutes, so that solubility parameters might be evaluated from the solubility data. In some cases the authors find lower solubility parameters of the solutes than from the relevant thermodynamic data at the boiling points of the liquefied gaseous solutes, for example, by Clever et al. [20] for noble gases and by Prausnitz and Shair [27] for these and other gases. In another case, in acetylene according to Vitovec and Fried [65] , the nonideality of the gas had to be taken into account to obtain Note that for He the resulting value is too large, 10.6 MPa 1/2 , so the approximate agreement for Ne should not be taken as valid.
As is seen in Table 4 , the agreement between the entries for a given gas by diverse authors at a given temperature near ambient is rather poor. This arises from the means used by the authors to calculate the values from solubilities, via (1) or equivalent expressions or based on other premises.
On the other hand, the miscibility of the liquefied gases among themselves should be directly related to their solubility parameters according to (1) . Some data on the miscibility of gases were presented by Streng [69] .
Correlations.
The cohesive energies of permanent gases at their boiling points should be related to the attractive interactions of the particles. These, in turn, are related to the depths, , of the potential wells arising from the energetics of the collisions of the particles in the gas phase. A common measure of the energetics is the 12-6 Lennard-Jones relationship:
where is the distance apart of the two colliding particles, is the distance of their centers at contact, and 
with a correlation coefficient 0.9194 is found. Another conceivable correlation of the solubility parameters of the liquefied gases would be with their surface tensions, . Data for the latter quantities are not plentiful but were found for a representative group of the gases treated here. Indeed, for the 17 liquefied gases for which surface tension data were found [16] [17] [18] [19] 140] there is a linear relationship between the surface tension and the solubility parameter at the boiling point as follows: 
with a correlation coefficient of 0.9797; see Figure 2 . The value [18] for dimethyl ether is an outlier. Koenhen and Smolders [141] reported the relationship between the dispersion solubility parameter and the index of 
at an unspecified temperature (presumably 298 K) was found and may be applicable also for gaseous solutes.
Conclusions
The 
